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The activity of the ADP-dependent glucokinase from Thermococcus litoralis (TlGK) relies on the
highly conserved motifs NXXE (i.e. Asn-Xaa-Xaa-Glu) and HXE (i.e. His-Xaa-Glu). Site-directed muta-
genesis of residues Glu279 (HXE) and Glu308 (NXXE) leads to enzymes with highly reduced catalytic
rates. The replacement of Glu308 by Gln increased the KM for MgADP and was activated by free
Mg2+. On the other hand, HXE mutants did not affect the KM for MgADP, were still inhibited by free
Mg2+, and caused a large increase on KM for glucose and an 87-fold weaker binding of glucose onto
the non-hydrolysable TlGKAMP–AlF3 complex. Our findings put forward the fundamental role of
the HXE motif in glucose binding during ternary complex formation.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction whose topology corresponds to a Rossmann-like fold [2,3] thatGlucose phosphorylation into glucose-6-phosphate (glucose-6-
P) constitutes the first step of glycolysis, the central metabolic
pathway in all three domains of life. While most glucokinases
use adenosine triphosphate (ATP) as the phosphoryl donor, several
archaea of the Euryarchaeota possess an ADP-dependent glucoki-
nase as part of a variety of modifications on their Embden–Meyer-
hof pathway [1]. Despite the lack of sequence similarity between
these glucokinases and their ATP-dependent counterparts, the
three-dimensional structure resolution of several of these ADP-
dependent enzymes have allowed their classification as members
of the ribokinase superfamily [2]. Structurally, these archaeal glu-
cokinases are composed by two domains: a large a/b/a domainconstitutes the core structure for all members of the ribokinase
superfamily [4]; and a small domain composed of a five-stranded
b-sheet, which is embellished with several a-helices that are com-
monly present in monomeric members of this superfamily [5].
These domains are connected by four chain crossings due to an
intertwined polypeptide topology, which has been shown to pro-
mote cooperativity across these domains in other members of
the ribokinase superfamily [6].
Among the structures of ADP-dependent glucokinases that have
been solved to date, belonging to the archaeal species Thermococ-
cus litoralis [2,7], Pyrococcus horikoshii [8] and Pyrococcus furiosus
[9], the enzyme from T. litoralis (TlGK) corresponds to the best
characterized model in terms of its structure, function and kinetic
mechanism. Thorough initial velocity analysis of the phospho-
transferase reaction catalyzed by TlGK using variable concentra-
tions of substrates, products and inhibitors allowed
determination of its kinetic mechanism, corresponding to a
sequential ordered Bi–Bi model where the metal–nucleotide com-
plex is the first substrate to bind to the enzyme, while glucose
binds only when the TlGKMgADP complex is already formed
[7]. In line with this kinetic mechanism, small angle X-ray scatter-
ing and structure solution of TlGK in the presence of substrates and
analogs have shown that the large and small domains of TlGK
experience a sequential open-to-closed conformational transition,
where MgADP binding elicits a semi-closed state and the subse-
quent binding of glucose leads to formation of the ternary complex,
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ing of substrates in TlGK has been recently confirmed by single-
molecule force spectroscopy experiments [10].
Although TlGK can exert its activity with similar catalytic effi-
ciencies using Mg2+, Mn2+ or Co2+ as part of the metal–nucleotide
complex that constitutes its true phosphoryl donor substrate, it
is also inhibited by increasing concentrations of free divalent
cations in the lowmillimolar range [11]. The need of a second diva-
lent cation for the regulation of the activity of these enzymes has
been largely stressed by its direct structural observation and by
assessment of its functional impact in other enzymes of the ribok-
inase superfamily, such as human adenosine kinase [5,12], human
pyridoxal kinase [13,14], Escherichia coli phosphofructokinase-2
[15–17] and others [18,19].
Even when the catalytic consequences of increasing the concen-
tration of free divalent cations can vary between different
enzymes, in some cases leading to activation instead of inhibition
[17,20], it has been widely demonstrated that the glutamate of a
highly conserved motif for all members of the ribokinase super-
family, known as NXXE (i.e. Asn-Xaa-Xaa-Glu, Fig. 1), is responsible
of the catalytic and regulatory effect elicited by divalent metals in
these enzymes [15,20]. However, recent sequence analysis and
molecular dynamics of ADP-dependent kinases including TlGK
have also shown the presence of a second conserved motif, known
as HXE (i.e. His-Xaa-Glu, Fig. 1), whose glutamate is thought to par-
ticipate in the second coordination sphere of the ADP-complexed
magnesium cation and is located in proximity to the phosphoryl
acceptor substrate [11]. The functional role of this residue still
remains to be ascertained.
In this work we first employed site-directed mutagenesis and
enzyme kinetics assays to evaluate the functional role of residues
Glu279 and Glu308 from TlGK, belonging to the HXE and NXXE
motifs, respectively. Although mutations of the glutamate of both
motifs had a large impact on the turnover rate of TlGK, HXEmutants
primarily affected the Michaelis constant (KM) for glucose while
NXXE mutants increased the KM for MgADP. Moreover, increasing
concentrations of free Mg2+ activated a mutant of Glu308 by Gln
(E308Q) while, unexpectedly, replacements of Glu279 by Asp
(E279D), Gln (E279Q) or Leu (E279L) did not change the inhibitory
effect exerted by this divalent cation in the wild type enzyme. Then,
we performed intrinsic fluorescence assays in the presence of a
MgADP analog, AMP–AlF3, to assess whether glucose binding to
the TlGKMgADP was affected by the HXE mutations, showing a
87-fold increase in the dissociation constant (KD) for glucose on
the E279Q and E279L mutants, in comparison to the wild type
enzyme and E308Q mutant. These results allow us to establish that
the HXE motif is involved in the formation of the ternary complex
required for the proper catalytic activity of TlGK rather than in reg-
ulation of its activity by free divalent cations.
2. Material and methods
2.1. Expression and protein purification of TlGK
Wild type TlGK and E279D, E279Q, E279L and E308Q mutants
were overexpressed in E. coli strain BL21 (DE3) pLysS using the
pET-17b expression vector. Cells were cultured at 37 C in Luria
Bertani broth medium containing 50 lg/ml of ampicillin and
35 lg/ml of chloramphenicol until OD600  0.5. Isopropyl-b-D-
thiogalactopyranoside was then added to the medium to a final
concentration of 1 mM to induce TlGK overexpression, and cells
were cultured overnight. Proteins were purified as described in
Merino et al. [11], with some modifications. After incubating the
crude extract at 90 C for 30 min, the denatured proteins were
removed by centrifugation (47850g for 15 min). The supernatantwas saturated with 60% (NH4)2SO4 for 30 min and later centrifuged
to remove protein precipitates. The soluble fraction was loaded
onto a Phenyl Sepharose HP column (GE Healthcare, 5 ml) and then
eluted with a linear gradient of (NH4)2SO4 (from 60% to 0%). Active
fractions were pooled, dialyzed against buffer A (Tris–HCl 50 mM,
5 mM MgCl2, pH 7.8), subjected to anion exchange chromatogra-
phy on a HiTrap Q HP column (GE Healthcare, 5 ml) and eluted
using a lineal gradient of KCl (0–1 M). Active fractions were con-
centrated and used as the purified enzyme. The protein concentra-
tion was quantified using the Bradford assay [21].
2.2. Enzyme activity
Glucokinase activity was measured spectrophotometrically at
40 C as previously described [7,11], coupling the formation of
glucose-6-P to the reduction of NAD+. The reaction mixture con-
tained 50 mM HEPES pH 7.8, glucose, adenosine-diphosphate
(ADP), and divalent metal, 0.5 mM NAD+ and 1.4 units of glucose-
6-P dehydrogenase from Leuconostoc mesenteroides. The change in
NADH concentration was followed spectrophotometrically at
340 nm using an extinction coefficient of 6.22 mM1 cm1 [22].
Kinetic parameters were determined by measuring the enzyme
activities as a function of the concentration of glucose and MgADP
respectively, using saturating concentrations of the corresponding
co-substrate, which were experimentally determined for each
enzyme. The concentration of free Mg2+ was held constant at
1 mM for all the kinetic characterizations. Specific activities were
calculated from initial velocities of NAD+ reduction and expressed
in units per mg of protein. The kinetic parameters were obtained
by fitting the experimental curves to the Michaelis–Menten model
[23], excepting the E308Q and E279D mutants for which the Hal-
dane model for substrate inhibition was used [24]. Experimental
data were fitted using GraphPad Prism 5.0 (GraphPad Software,
Inc.).
2.3. Inhibition by free divalent cations
We evaluated the effect of increasing the concentration of free
Mg2+ on the activity of wild type TlGK and single-point mutants
of residues Glu279 and Glu308, using saturating MgADP and glu-
cose concentrations for each enzyme. Concentrations between
0.75 mM and 10 mM of free Mg2+ were assayed. The results are
shown as relative activity, taking the highest activity observed as
100% for each enzyme. The concentration of free Mg2+, ADP3
and MgADP were calculated from the total concentration of
ADP3 and Mg2+ as in Merino et al. [11], using the equilibrium
MgADP $ ADP3 þMg2þ. The dissociation constant (KD) of this
process (676 lM) was obtained from the Critical Metal Complexes
Database Version 5.0 (Texas A&M University).
The effect of free metal on the catalytic turnover was assessed
using a formalism previously proposed in Merino et al. [11], which
considers that both the ternary complex formed by TlGK and its
substrates in the absence (ES) and presence (ESI) of a second cation
are productive, as shown below:
Fig. 1. Position of the NXXE and HXE motifs in the crystal structure of TlGK. (A) Cartoon representation of the three-dimensional structure of TlGK (PDB ID 4B8S), with
its large domain in blue and its small domain in gray. The side chains of the conserved residues from HXE (yellow) and NXXE (purple) are shown as sticks, while ADP
(PDB ID 1GC5) and glucose (4B8S) are shown in ball-and-stick representation and colored based on the atom types. (B) Position of the NXXE and HXE motifs around the donor
and acceptor substrates. The representation of the side chains of the conserved residues from HXE (yellow) and NXXE (purple) and of the donor and acceptor substrates
matches the scheme in (A). Also, the theoretical position of the magnesium cation that participates in the MgADP complex is indicated.
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plexes, K1 and K2 are the equilibrium constants between the ground
and transition states for each complex, I is the inhibitor (here, free
Mg2+), P is the reaction product and Ki and Ki are the dissociation
constants for the free Mg2+ cation and the ground state or transition
state, respectively. A similar model was used to assess the effect of
ligand binding in the unfolding rates of barnase [25]. In this model,
the observed velocity is the combination of the production of both
ES (ES? E + P) and ESI (ESI? E + P + I) as follows:
m ¼ m1 þ m2 ¼ k1½ES þ k2½ESI ð1Þ
Under the assumption of rapid equilibrium between ES and ESI,
the observed velocity can be expressed as:
m ¼ k1K i þ k2½l
K i þ ½l
 
ð½ESTÞ ð2Þ
where [ES]T = [ES] + [ESI]. The estimated kinetic rates were related
to the activation free energy through Eyring’s formalism [26], as
previously showed [11]. As noticeable from the thermodynamic
cycle presented above, the difference between these activation free
energies corresponds to the energetic contribution of the second
Mg2+ ion to the stabilization of either the ground or transition state.
2.4. Fluorescence measurements of binding of glucose
The addition of glucose to TlGK does not exert changes in the
fluorescence intensity of any of its four Trp residues, unless a
MgADP analog is also present [10]. Therefore, assessment of glu-
cose binding was carried out by measuring the change in fluores-
cence intensity upon titration of TlGK in complex with the non-
hydrolysable transition state analog of MgADP, AMP–AlF3. AlF3
is generally used to mimic the planar phosphoryl group in the cat-
alytic transition state of many phosphatases and kinases [27–33].
Although it is generally used along with ADP, AlF3 can also form
complexes with AMP and other nucleotides and leads to inhibition
of kinase activity [34], thus validating its use as an MgADP analog.
For the fluorescence measurements, a reaction mixture contain-
ing HEPES 25 mM, AMP 10 mM, NaF 30 mM, AlCl3 1 mM and 5 lM
of TlGK was made. The excess of NaF over AlCl3 used in the reactionmixture ensured that the concentration of AlF3 formed was suffi-
cient to inhibit the activity of the wild type enzyme (Fig. S6). The
components were added separately, waiting 5 min for the stabi-
lization of the fluorescence intensity. Then, the TlGKAMP–AlF3
complex was titrated with increasing concentrations of glucose,
ranging between 0 and 60 mM. The emission spectra were
recorded in the range 300–500 nm upon excitation at 295 nm, with
an excitation and emission slit of 3 nm. The increase of intrinsic
fluorescence of TlGK upon addition of glucose was recorded at
334 nm and the data were fitted to the model used in Yévenes
et al. [35] for a protein–ligand equilibrium, considering that the
change in intensity (YF) is proportional to the protein–ligand
complex:
YF ¼
ðEþ Lþ KDÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðEþ Lþ KDÞ2  4EL
q

2E
ð3Þ
where E is the concentration of TlGK in the solution, L is the concen-
tration of glucose added and KD is the dissociation constant of the
complex.
3. Results and discussion
3.1. HXE mutants impact on the catalytic turnover by affecting the KM
for glucose
Previous studies of the NXXE motif in other kinases have shown
that mutations of its glutamate residue lead to lower turnover rate
(kcat) and higher KM for MgADP [12,17,20]. This is also true for the
E308Q mutant of TlGK, which has a 104-fold increase in KM for the
phosphoryl donor substrate and a 13-fold decrease in kcat com-
pared to the wild type protein, without significantly altering the
KM for glucose (Table 1 and Figs. S1 and S2). Analysis of the exper-
imental data suggests that this mutant also experiences substrate
inhibition, in contrast to wild type TlGK (Fig. S1 and S2), although
it is effective at very high concentrations of glucose
(Ki = 860 ± 160 mM) and MgADP (Ki = 70 ± 22 mM).
Since previous work suggested that the glutamate residue from
the HXE motif was also participating in the coordination sphere of
Fig. 2. Effect of free Mg2+ concentration on the activity of wild type TlGK and
mutants of the HXE and NXXE motifs. The activity of the wild type enzyme (black)
and the E279D (pink), E279Q (blue), E279L (green) and E308Q (red) mutants were
assayed at saturating MgADP and glucose concentrations. The results are shown as
relative activity, taking the highest measure activity as 100%. The lines represent
the best fit to Eq. (2).
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expected that mutations of this residue would have a similar effect
on the kinetic parameters as in the case of the E308Q mutant. As
shown in Table 1, the kcat values for all the HXE mutants are lower
than wild type TlGK and the E308Q mutant (Figs. S3–S5), ranging
between a 38-fold (E279D) and a 103-fold (E279L) decrease when
compared to the wild type enzyme. However, with the exception of
E279D, these mutants marginally affect the KM for MgADP.
Notwithstanding, the reduced catalytic turnover of these mutants
is accompanied by a large increase in KM for glucose when com-
pared to the wild type enzyme, being 29-fold higher for E279D,
32-fold higher for E279Q and 392-fold higher for E279L (Table 1).
Also, the E279D mutant is inhibited by high concentrations of
MgADP (Ki = 24 ± 4 mM, Fig. S3).
These results suggest that the NXXE and HXE motifs play two
non-overlapping roles in the enzymatic activity of TlGK: the former
participates in the stabilization of MgADP in its binding site, while
the latter participates in the interaction with glucose, suggesting
an important role in catalysis and formation of the ternary com-
plex. The next section addresses whether these motifs also partic-
ipate in the inhibition exerted by free divalent cations on the
activity of TlGK.
3.2. HXE and NXXE mutants have dissimilar effects in enzyme activity
regulation by free Mg2+
Activation or inhibition by free divalent cations is a phe-
nomenon that has been previously described in enzymes from
the ribokinase superfamily and has been linked to the NXXE motif
[12,15,20]. Recent studies on TlGK have demonstrated that its
activity is also strongly inhibited by increasing concentrations of
free divalent cations [11], but the role of the HXE and NXXE motifs
in this regulation has not been explored.
We performed kinetic assays of wild type TlGK and HXE and
NXXE mutants, where the concentration of free Mg2+ was
increased from 0.75 mM to 10 mMwhile keeping MgADP and glu-
cose at the proper saturating concentrations for each enzyme. Our
results show that the E308Q mutant of the NXXE motif is no longer
inhibited by free Mg2+, but rather activated (Fig 2 and Table 2). This
is somewhat similar to the observations of the effect of NXXE
mutants in the activity of human adenosine kinase, where the acti-
vation of the enzyme is shifted toward higher Mg2+ concentrations
when compared to the wild type protein [12].
On the other hand, all of the HXE mutants show between 50%
and 60% inhibition of glucokinase (GK) activity due to increasing
concentrations of free Mg2+ (Fig. 2), similar to the behavior
observed for the wild type enzyme. These results suggest that
NXXE is the only highly conserved motif responsible for the Mg2
+-assisted regulation of the GK activity. By fitting the experimental
data to Eq. (2), we were able to calculate the Mg2+ inhibition con-
stant (Ki), and the activation constant (Ka) in the case of the E308Q
mutant. As shown in Table 2, the Ki is very similar between the
wild type protein and the HXE mutants, being on average
0.9 ± 0.2 mM, while the Ka for the E308Q mutant is 3.3 ± 0.2 mM.Table 1
Estimated kinetic parameters for wild type TlGK and HXE and NXXE mutants.
Enzyme Vmax (U/mg) kcat (s1) KM MgADP (lM) kcat/
Wild typea 69 ± 3 58 ± 3 14 ± 2 4.14
E279Db 5.68 ± 0.02 1.52 ± 0.02 270 ± 10 5.63
E279Qa 0.850 ± 0.003 0.710 ± 0.003 66 ± 1 1.07
E279La 0.67 ± 0.01 0.56 ± 0.01 34 ± 3 1.64
E308Qb 5.2 ± 0.2 4.3 ± 0.2 1460 ± 55 2.95
All experiments were performed at a free Mg2+ concentration of 1 mM and constant tem
a Kinetic parameters determined by fitting the data to a Michaelis–Menten model.
b Kinetic parameters determined by fitting the data to a Haldane model of substrateUsing Eyring’s formalism [26] and the thermodynamic cycle
that describes binding of a second cation to the ground and transi-
tion states of the reaction catalyzed by TlGK (see Section 2), we cal-
culated the free energy difference between both states upon
binding of Mg2+. As shown in Table 2, binding of the second cation
leads to stabilization of the ground state for both the wild type
enzyme and the HXE mutants, which explains the diminution of
the reaction velocity for all these cases. Moreover, the rate of the
reaction in the presence of a second cation (k2) for all the HXE
mutants is between 3 and 7 times slower than in its absence
(k1), while in the case of the wild type protein the ratio k1/k2 is
2, which suggest that the HXE mutants also have a small effect
in the rate of product formation in the presence of the second
Mg2+ ion. In the case of the E308Q mutant, replacement of the glu-
tamate residue leads to a slower rate in the absence of a second
divalent cation (k1) than in its presence (k2) and an inversion of
the sign of the change in free energy (Table 2), which explains
why this mutant shows higher reaction velocities upon increasing
concentrations of free Mg2+, confirming previous suggestions by
Merino et al. [11].
Finally, since mutations of the NXXE motif in E. coli
phosphofructokinase-2 lead to changes in activation by Mg2+ and
Mn2+ without prejudice of the ability to bind free divalent cations
[17], and taking into account the sequential ordered substrate bind-
ing mechanism of TlGK [7,10] along with the little to no impact of
the HXE mutants in the KM for MgADP, we argue that the NXXE
motif is only related to the regulatory role exerted by free divalent
cations in TlGK, while the HXE motif is related to formation of the
ternary complex required for the catalytic activity of this enzyme.
We thus explored the formation of the ternary complex of TlGK by
intrinsic fluorescence, which is covered in the final section.KM MgADP (s1 lM1) KM glucose (lM) kcat/KM glucose (s1 lM1)
280 ± 15 2.07  101
 103 8000 ± 600 1.9  104
 102 8900 ± 130 7.9  105
 102 109700 ± 1500 5.1  106
 103 390 ± 20 1.1  102
perature of 40 C.
inhibition.
Table 2
Estimated kinetic rates for the ternary complex in the absence and presence of a
second cation, inhibition constant, activation constant and free energy difference
between the ground and transition states due to binding of free Mg+2.
Enzyme k1 (s1) k2 (s1) Ki (mM) Kaa
(mM)
ΔDGb
(kcal mol1)
Wild-
type
83 ± 2 42 ± 1 0.9 ± 0.2 – 0.42 ± 0.01
E279D 1.72 ± 0.02 0.41 ± 0.01 0.9 ± 0.2 – 0.89 ± 0.01
E279Q 2.5 ± 0.5 0.37 ± 0.03 0.8 ± 0.3 – 1.2 ± 0.1
E279L 0.8 ± 0.1 0.23 ± 0.01 0.8 ± 0.3 – 0.7 ± 0.1
E308Q 0.5 ± 0.1 4.7 ± 0.1 – 3.3 ± 0.2 1.4 ± 0.1
All parameters were determined from experiments using saturating concentrations
of MgADP and glucose at a constant temperature of 40 C.
a Free Mg2+ behaves as an activator for E308Q, hence its activation constant (Ka)
is reported.
b Free energy difference between the transition state and the ground state due to
binding of the second Mg2+ as in Merino et al. [11].
Fig. 3. Change in fluorescence intensity upon binding of glucose to the TlGKAMP–
AlF3 complex. (A) Increase in tryptophan fluorescence intensity upon addition of
increasing concentrations of glucose onto the preincubated TlGKAMP–AlF3 com-
plex. The maximum of each spectrum is located at 334 nm. (B) Normalized
fluorescence intensity change (YF) of wild type TlGK (black) and E308Q (red), E279Q
(blue) and E279L (green) mutants. The lines represent the best fit to Eq. (3).
Table 3
Estimated dissociation constant of glucose from the TlGKMgAMP–AlF3 complex as
measured by intrinsic fluorescence.
Enzyme Wild-type E308Q E279Q E279L
KD (lM) 127 ± 12 130 ± 35 11000 ± 1200 11000 ± 2100
All the fluorescence experiments were performed at 40 C.
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complex
The large effect of replacing the glutamate residue of the HXE
motif in the KM for glucose, and the conservation of the inhibitory
effect experienced by TlGK upon binding of Mg2+, favored the idea
that this motif was related to binding of glucose onto the
TlGKMgADP complex, the second step in the sequential ordered
substrate binding of this enzyme [7,10]. Since the individual addi-
tion of glucose does not lead to tryptophan fluorescence changes in
TlGK unless an MgADP analog is present [10], we designed an
experiment in which the enzyme forms a complex with a non-
hydrolysable analog, AMP–AlF3, where the aluminum fluoride isknown to mimic the planar configuration of the phosphoryl group
in the catalytic transition state of several nucleotides, including
ADP and AMP [34].
The preincubation of TlGKwith AMP, AlCl3 and NaF such that the
concentration of AMP–AlF3 formed is 1 mM, followed by titration
with increasing concentrations of glucose, led to a notorious
increase in fluorescence intensity (Fig. 3A), in good agreement with
previous assessment of glucose binding in the presence of MgAMP
[10]. We fitted the change in fluorescence intensity of wild type
TlGK to Eq. (3) in order to estimate the dissociation constant for glu-
cose (KD), which was 127 ± 12 lM (Fig. 3B and Table 3), in excellent
agreement with the KM for glucose (Table 1). A similar KD was esti-
mated for the NXXE mutant E308Q, in line with the lack of signifi-
cant changes on the KM for glucose in this mutant.
In contrast, the HXE mutants E279Q and E279L showed a 87-
fold increase in KD for glucose (Fig. 3B and Table 3). While the KD
of the E279Q mutant is in good agreement with the corresponding
KM for glucose, the E279L mutant exhibits a much larger KM for this
substrate, which suggest that shortening and charge removal from
the side chain of residue Glu279 also has a strong impact in the
transfer of the phosphoryl group from MgADP to the acceptor
substrate. Altogether, these results provide strong evidence that
the NXXE motif is related to regulation of the GK activity by free
divalent cations and that the HXE motif participates in proper
binding of glucose during formation of the ternary complex for
catalysis.4. Conclusions
Our results provide strong experimental evidence indicating
that the highly conserved HXE motif is fundamental for glucose
binding during the sequential ordered formation of the ternary
complex required for the catalytic activity of TlGK, rather than par-
ticipating in the regulation of the enzyme by divalent cations, as in
the case of the NXXE. While these results were unexpected, based
on the preliminary evidence suggesting that the glutamate residue
from the HXE and NXXE motifs were both part of the coordination
sphere of magnesium from the MgADP complex, they encourage
the search for similar motifs in other members of the ribokinase
superfamily and also for other residues that provide these enzymes
with the ability to bind free divalent cations involved in regulation
of their catalytic activity.
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